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We report the independent experimental confirmation of an isomeric state in the proton drip-line
nucleus 26P. The γ-ray energy and half-life determined are 164.4 ± 0.3 (sys) ± 0.2 (stat) keV and
104± 14 ns, respectively, which are in agreement with the previously reported values. These values
are used to set a semi-empirical limit on the proton separation energy of 26P, with the conclusion
that it can be bound or unbound.
I. INTRODUCTION
26P is a very proton-rich nucleus close to the proton
drip-line that β decays (t1/2 = 43.7 ± 0.6 ms)[1]. The
ground state was discovered in 1983 by Cable et al. [2, 3]
and the tentative spin and parity is Jπ = (3+) [4]. Its
predicted low proton separation energies (143± 200 keV
[5], 0± 90 keV[1]), together with the narrow momentum
distribution and enhanced cross section, both observed
in proton-knockout reactions [6], as well as a significant
mirror asymmetry in beta decay [7], give experimental
evidence for the existence of a proton halo [8–12]. It is
even possible that 26P is unbound to proton emission,
as various mass models predict [13–15], but β decays in-
stead due to the Coulomb barrier. In a recent experi-
ment Nishimura et al. [16] reported the observation of
an isomeric state with Jπ = 1+ in 26P. This state is
the mirror analog of the low-lying isomer of 26Na which
has an excitation energy of 82.5± 0.5 keV [17]. The re-
ported excitation energy and half-life of the 26P state
were 164.4± 0.1 keV and 120± 9 ns, respectively [16]. In
this paper we report confirmation of this isomeric state
in an independent experiment [7, 18, 19] using a different
production mechanism and a different setup at a different
facility.
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II. EXPERIMENT
The experiment was carried out at the National Su-
perconducting Cyclotron Laboratory (NSCL) at Michi-
gan State University. A primary beam of 36Ar with an
intensity of 75 pnA was accelerated by the Coupled Cy-
clotron Facility to an energy of 150 MeV/u and impinged
upon a 1.5 g/cm2 Be target. The 26P ions produced
via nuclear fragmentation were separated in flight from
other reaction products by the A1900 fragment separa-
tor [20]. A 120 mg/cm2 wedge-shaped Al degrader was
placed at the dispersive plane of the spectrometer to sep-
arate the incoming fragmentation residues according to
their atomic charge and thus enhance the beam purity.
The secondary beam was further purified by means of
the Radio Frequency Fragment Separator [21] and im-
planted into a planar germanium double-sided strip de-
tector (GeDSSD) [22]. The γ rays emitted in coincidence
with the implantation signals were detected by the high-
purity segmented germanium array (SeGA) [23]. More
details about the experimental set up can be found in
Refs. [7, 18, 19].
The isotopic identification of the secondary beam par-
ticles was accomplished by measuring the energy loss and
time-of-flight of the incoming nuclei (∆E-ToF method).
∆E signals were provided by a pair of silicon detectors
placed 1 m upstream from the GeDSSD. The ToF was
measured between a 13.1-mg/cm2-thick plastic scintil-
lator located 25 m upstream, at the focal plane of the
A1900, and one of the silicon detectors [7].
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FIG. 1. (color online) γ-ray energy spectrum associated with
26P implantations with a time gate of 2 µs between the silicon
detector and the SeGA signals (blue online). The inset shows
a magnification of the peak region including statistical error
bars and the corresponding fit function is represented by the
smooth solid line (red online).
The data were collected event-by-event with the NSCL
digital data acquisition system [24]. Each channel pro-
vided its own time-stamp signal, which made it possible
to set coincidence gates between different detectors. Im-
plantation events were selected by requiring coincident
signals between the silicon detectors and the GeDSSD.
III. ANALYSIS, RESULTS, AND DISCUSSION
A. Energy
A two-dimensional software gate was applied in the
∆E-ToF identification matrix of the implanted ions to
select the 26P nuclei [7]. This made it possible to iso-
late the γ rays emitted in coincidence with 26P im-
plantations. The 16 spectra obtained from the individ-
ual elements of SeGA were then added together after
they were gain matched. The resulting spectrum was
then calibrated in energy [7]. Figure 1 shows the γ-
ray spectrum corresponding to 26P implantations within
a 2-µs window. The spectrum shows a clear peak at
164.4 ± 0.3 (sys) ± 0.2 (stat) keV. The peak energy was
obtained by fitting the photopeak with an exponentially
modified Gaussian (EMG) function summed with a linear
function to model the local background.
B. Half-life
The half-life of the state was determined from a fit of
the time distribution of the γ-ray signals in SeGA with
respect to the 26P ion signals in the silicon detector in-
cluded within a gate centered at the energy of the peak
and 10 keV wide. Figure 2 shows the distribution of the
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FIG. 2. (color online) Distribution of time differences between
γ-ray signals in SeGA gated on the 164-keV peak and 26P-
ion signals in the silicon detector (blue online). The smooth
solid line (red online) corresponds to the EMG fit function
discussed in Sec. III B.
time difference between the silicon detector, which pro-
vided the start time for the decay gate, and the SeGA
germanium array signals, provided an implant signal was
registered in the GeDSSD. Two different fit functions
were employed: the first one is an EMG summed with
a constant background, but with a negative decay pa-
rameter rmτ . To verify the width and centroid of this
fit, we checked that the results were consistent with the
width and centroid obtained by fitting a Gaussian peak
shape to the time spectrum of prompt γ rays in the en-
ergy spectrum. The other one is an exponential decay
added to a constant background. The range of this lat-
ter fit function was between the maximum of the time
distribution and 1.5 µs. Both fits were performed using
the maximum likelihood method. This method made it
possible to account for low statistics and empty bins in
the background region. The results of both fits were con-
sistent within uncertainties. The measured half-life using
the EMG fit is t1/2 = 104± 14 ns, which is in very good
agreement with t1/2 = 120± 9 ns reported by Nishimura
et al. [16], but slightly lower.
C. Isomeric ratio
The isomeric ratio R is defined as the probability that,
if a 26P nucleus is produced in the reaction, it is produced
in an isomeric state. It is given by the following equation
[25]:
R =
Y
NimpFG
, (1)
where Y is the observed isomer yield at the decay station,
Nimp is the number of implanted
26P ions, F and G are
correction factors for in-flight decay losses and nuclear
3reactions in the GeDSSD that destroy a fraction of the
produced isomers, respectively. Y is calculated as
Y =
Nγ(1 + αtot)
ε
, (2)
where Nγ is the number of counts in the 164-keV peak,
αtot is the total conversion coefficient for this transition,
and ε is the γ-ray detection efficiency. Nγ = 175±17 was
obtained from the area below the photopeak fit. The ef-
ficiency ε = (13± 2)% was determined using the calibra-
tion of Ref. [7] and αtot = 0.0188± 0.0003 was estimated
using the online calculator bricc [26], under the assump-
tion that the 164-keV transition has an E2 multipolarity
[16].
The correction factor F is calculated as
F = exp
[
−
1
τ
(
ToF1
γ1
+
ToF2
γ2
+
ToF3
γ3
)]
(3)
where τ = 150 ± 20 ns is the mean lifetime of the state
and ToF1(2) and γ1(2) are the time-of-flight and Lorentz
factors through the first (second) section of the A1900,
respectively. ToF3 and γ3 correspond to the time of flight
and the Lorentz factor for the flight path between the fo-
cal plane of the A1900 and the decay station. ToFi and
γi were calculated using the lise++ code [27], taking
into account the thicknesses of all the different layers of
matter traversed by the secondary beam. The value of
this correction factor is F = 0.03± 0.01. G was obtained
by calculating with lise++ the survival probability af-
ter traversing 400 µm of germanium, which corresponds
to the average implantation depth in the GeDSSD. The
value ofG is 0.995±0.005. The isomeric ratio obtained af-
ter applying these corrections is R = (14±10)%, which is
much lower than the 97+3−10% reported by Nishimura et al.
[16] using a 28Si beam impinging on a polyethylene target
to produce 26P. This difference in the isomeric ratios may
be explained by the different reaction mechanisms used to
produce 26P. Future reaction experiments with 26P sec-
ondary beams may now select either the ground state or
the isomeric state by exploiting the different isomeric ra-
tios obtained depending on the reaction mechanism used
to produce the radioactive beam.
It is also worth mentioning that previous experiments
using 26P, like the one reported by Navin et al. [6], would
have had this isomeric state in their beam. However, be-
cause of the production mechanism, the short half-life of
the state, and the long pathlength between the produc-
tion and reaction targets (70 m) [6], only 0.2% of the
26P nuclei impinging on the secondary target would cor-
respond to the isomer in this case. Such a small amount
would not affect significantly the results reported in Ref.
[6].
D. Estimation of 26P proton separation energy
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FIG. 3. Comparison of semiempirical estimates of the proton
separation energy of 26P present in literature (circles) [1, 5],
with the lower limit obtained in this work (square).
If the isomeric state was far above the proton sepa-
ration energy of 26P, it would likely decay by emitting
protons instead of gamma rays, as observed. We can
therefore use the measured values of the energy and half-
life of this isomeric state to set a semi-empirical limit on
the proton separation energy of 26P, which is not known
experimentally. We know from Ref. [16] that the branch-
ing ratio for proton emission from this state is at most
13%. The γ-ray and proton partial widths are therefore
related as
Γp ≤
13
87
Γγ . (4)
The partial width for γ rays obtained from our half-life
result is Γγ = 4.39± 0.59 neV.
Γp is related to the energy of resonant proton capture
Er by the following equation [28]:
Γp =
2~2
µR2n
Pℓ(Er, Rn)C
2Sθ2sp. (5)
In this expressionRn is the interaction radius [1.25(1
1/3+
251/3) fm for this case], µ is the reduced mass of the sys-
tem, Pℓ is the barrier penetration factor, C is an isospin
Clebsch-Gordan coefficient, S is the spectroscopic factor,
and θ2sp is the single particle reduced width [28, 29]. The
penetration factor may be calculated as Pℓ(Er, Rn) =
kRn/(F
2
ℓ +G
2
ℓ), where k is the wave number and Fℓ(Gℓ)
is the regular (irregular) Coulomb wave function.
To set a limit on the proton separation energy of 26P
with the obtained experimental results, we solved Eq. (5)
for the kinetic energy (Er), such that the proton emis-
sion width equals the limit of the inequality in Eq. (4).
The values of the spectroscopic factors, C2S(3/2) =
0.23±0.02 for the 0d3/2 shell, and C
2S(5/2) = 0.13±0.01
for the 0d5/2 shell, were obtained from shell model cal-
culations using the universal sd version B Hamiltonian
[30], and the single particle widths were calculated using
4the parametrizations given in Refs. [28, 29]. The value
obtained for the 25Si + p center-of-mass kinetic energy is
therefore Er ≤ 300 keV, where a single particle width of
θ2sp = 0.35± 0.04 was employed.
The kinetic energy (Er), the excitation energy (E
∗),
and the separation energy (Sp) are related as
E∗ = Er + Sp. (6)
Thus, solving Eq. (6) for Sp using E
∗ = 164.4 ± 0.4
keV and the resonance energy calculated previously, the
value obtained for the proton separation energy of 26P
is Sp ≥ −135 keV. Figure 3 shows a comparison of the
lower limit obtained in this work with the two values for
the proton separation energy of 26P in the literature. The
first of these two literature values was deduced using the
prediction of the mass excess of 26P from systematic ex-
trapolations given in the atomic mass evaluation (AME)
[5]. The second one was obtained by Thomas et al. [1]
using the Coulomb energy difference from 26Si and the
energy of the isobaric analog state using the semiempir-
ical Isobaric Multiplet Mass Equation [31]. We observe
that our result is consistent with previous results, both
compatible with a loosely bound (or unbound) valence
proton in 26P.
IV. CONCLUSIONS
We have observed a 164.4 ± 0.3(sys) ± 0.2(stat) keV
peak in the gamma-ray spectrum emitted in coincidence
with an implanted 26P secondary beam produced by 36Ar
fragmentation at the NSCL. The measured half-life of
this decay is t1/2 = 104 ± 14 ns. The energy and half-
life of this γ ray are in agreement with the previously
reported results by Nishimura et al. [16], but the half-life
measured in this work is slightly lower. We also deter-
mined an isomeric ratio of R = 14± 10%, which is much
lower than the previously reported one obtained using
a different reaction. This difference can be used to se-
lectively produce either isomeric or ground-state beams
of 26P in future experiments. Finally, we have derived
a semi-empirical constraint on the proton separation en-
ergy of 26P from the unobserved proton branch. A mea-
surement of the mass of 26P would give an experimental
value for the proton separation energy, which would help
to unambiguously determine whether this nucleus and its
isomer are bound or unbound to proton emission.
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